The results from Suzaku XIS observations of the relaxed cluster of galaxies Abell 2052 are presented. Offset pointing data are used to estimate the Galactic foreground emission in the direction to the cluster. Significant soft X-ray excess emission above this foreground, the intra-cluster medium emission, and other background components is confirmed and resolved spectroscopically and radially. This excess can be described either by (a) local variations of known Galactic emission components or (b) an additional thermal component with temperature of about 0.2 keV, possibly associated with the cluster. The radial temperature and metal abundance profiles of the intra-cluster medium are measured within ∼ 20 ′ in radius (about 60% of the virial radius) from the cluster center . The temperature drops radially to 0.5 − 0.6 of the peak value at a radius of ∼ 15 ′ . The gas-mass-weighted metal abundance averaged over the observed region is found to be 0.21 ± 0.05 times solar.
Introduction
In a limited number of clusters, soft X-ray excess emission above that predicted from the intracluster medium (ICM) contribution has been discovered (e.g. Kaastra et al. 2003a ). This phenomenon possibly originates from a warm-hot intergalactic medium (WHIM) associated with the cluster. This not-yet identified WHIM at a temperature of 10 5 − 10 7 K is predicted to reside and constitute about half of the total baryon mass at low redshift in cosmic simulations in a ΛCDM universe (e.g. Cen & Ostriker 1999) .
In spite of a number of investigations, no soft excess feature has been robustly identified as the WHIM associated with the cluster. These identifications have been challenging largely because of bright and diffuse foreground contamination. This foreground emission includes separate origins such as the local hot bubble and the Galactic halo toward which different absorptions should be applied to. Therefore its brightness varies from sky to sky in a complex manner. Furthermore, the spectral nature of the WHIM may be similar to that of the Galactic foreground. To separate the emission associated with the cluster from the Galactic one and other possibilities, sensitivities of previous measurements were limited. Bregman (2007) reviewed the current observational situation in detail.
In a search for the nature of soft excess emission, we have observed the Abell 2052 cluster of galaxies (A 2052; redshift z = 0.0356) with the Suzaku X-ray Imaging Spectrometer (XIS). This is one of the X-ray brightest and nearest objects among clusters showing a significant soft excess (Kaastra et al. 2003a) . The XIS has a good sensitivity in the soft X-ray band for extended sources. We could resolve the soft excess emission in the outer part of the cluster both spatially and spectroscopically. This analysis in turn provided accurate measurements of temperature and metallicity radial profiles within a radius of ∼ 20 ′ or 800 kpc.
Throughout this paper, we assume cosmological parameters as follows; H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7. One arc-minute corresponds to 42 kpc at the cluster distance.
We use the 90% confidence level unless stated otherwise.
Observations
Suzaku observations of A 2052 were performed as a part of performance verifications. To cover a large area around the cluster, we performed four pointings as shown in Table. 1. In each pointing, the cluster center was on the CCD corner. Hereafter we refer these pointings as P1, P2, P3 and P4. This results in a 30 ′ × 30 ′ square field with the XIS. Figure 1 shows a mosaic X-ray image of the cluster. To estimate the Galactic foreground emission we also performed a offset pointing, with an angle 3.
• 74 from the cluster center. This offset position includes no strong X-ray source and is not only close enough to have a similar level of the Galactic foreground but also far away from the cluster and other associated clusters to avoid the clusters emission. Figure 2 shows locations of the cluster and offset pointings overlaid on a diffuse soft X-ray map. The bright structure extending from the bottom to the top of the map is the North Polar Spur (NPS), a possible past supernova remnant or associated with local stellar winds (Egger & Aschenbach 1995 and references therein) . We note that the count-rate in the ROSAT R34 band (3/4 keV) around the cluster is enhanced compared to that in the offset position by 30-60%. Whether this is associated with the cluster, with the NPS, or with other structures is not clear in the ROSAT map and a question to be studied in this paper.
In all observations the XIS was in the normal clocking and 3 × 3 editing modes. While in cluster observations detectors were operated without spaced-row charge injection, in the offset observation those were operated with spaced-row charge injection. In this paper, we utilized only the XIS data. Detailed description of the Suzaku observatory, the XIS instrument, and the X-ray telescope are found in Mitsuda et al. (2007) , Koyama et al. (2007) , and Serlemitsos et al. (2007) respectively. 
Analysis and Results

Data Reduction
We used version 2.1 processing data along with the HEASOFT version 6.4. We have screened event data using the standard selection criteria; i.e., geomagnetic cut-off-rigidity > 6 GV, the elevation angle above the sunlit earth >20
• and the dark earth >5
• . The regions illuminated by calibration sources at sensor edges were removed. We examined the light curve in the 0.2-2 keV range for stable-background periods. To obtain a good background signal, here we exclude the cluster emission within 12 ′ from the X-ray center. We found that the first ∼ 6 ks of the P4 pointing shows a count rate significantly higher than other periods. We also noticed that the solar-wind proton flux also shows an enhancement in the corresponding period. The proton flux becomes as high as that in the flaring period when solar-wind charge-exchange X-ray emission was detected with Suzaku during the NEP pointing (Fujimoto et al. 2007 ). Therefore, the high count rate in the X-ray background is probably caused by the charge-exchange X-ray emission. We removed this period from the event. The useful exposure times are given in Table. 1. There is a strong X-ray source in the outskirt of the cluster at the position of (RA, Dec) = (228.
• 9948, 7.
• 1726).
We removed events within 2 ′ from this source. The offset pointing data are reduced in a similar way. We excluded events around four X-ray sources detected in this pointing.
Spectral Fitting Method
Combining the four pointing data, we extracted projected spectra in annuli around the emission center at the position of (RA, Dec) = (229.
• 1818, 7.
• 0348). The inner and outer radii are 3 ′ ,6 ′ ,9 ′ ,12 ′ ,15 ′ , and 20 ′ (Fig. 1) . Note that the outermost extraction covers only a part of the annulus.
The central region (r < 3 ′ ) is excluded to avoid complexity related with the central cool component of the cluster. Here and hereafter we denote r as a projected radius from the cluster center. We also examine the spectrum integrated from 9 ′ < r < 20 ′ for properties averaged over the outer part. The three front-illuminated (FI) CCD data are co-added together. Then the FI and back-illuminated (BI) CCD spectra are fitted simultaneously with a common model but with different normalizations. We subtracted the instrumental (Non-X-ray) background following a method in Tawa et al. (2008) using the software xisnxbgen. In this method, the background spectrum is generated by summing up the dark earth data sorted with the same fractional distribution of the HXD/PIN UD count rates and from the same extraction as the source. This method provides an accurate reproduction of the background with a systematic uncertainty of less than 10% (Tawa et al 2008) .
The lowest energies to use from the FI and BI CCDs are 0.4 keV and 0.32 keV, respectively. The highest energies are 4.0-7.1 keV depending on the signal to background ratio. To avoid calibration uncertainties around the Si edge we remove the energy range of 1.825-1.840 keV. We prepared an X-ray telescope response function for each spectrum using the XIS ARF builder software xissimarfgen (Ishisaki et al. 2007 ). The accumulating contamination of the XIS is also taken into account for responses using the calibration file version 2006-10-16. Because cluster observations were done just 7-8 days after the XIS door-open, the contamination was not large. The reduction of the efficiency is estimated to be 8 % at maximum. The contamination for the offset pointing data was much larger. To made the XIS response function, we used the software xisrmfgen (version 2007-05-14) . These responses are made assuming an uniform brightness distribution of the source, since our main target, the soft excess emission, is diffuse and distributed over the field of view.
To describe the thermal emission from the collisional ionization equilibrium (CIE) plasma, we use the APEC model (Smith & Brickhouse 2001) with the solar metal abundances taken from Anders & Grevesse (1989) , unless stated otherwise.
After some trials, we found that the cosmic X-ray background (CXB) in the hard band can be described well by the standard power-law model with a reported photon index, 1.4, and normalization of 10 ph cm −2 s −1 sr −1 keV −1 . We use this fixed model for the CXB, unless stated otherwise. This component is assumed to be absorbed by the Galactic neutral gas. Column densities in the cluster and offset pointings are assumed to be 2.72 × 10 20 cm −2 and 2.2 × 10 20 cm −2 , respectively, based on the H I map (Dickey & Lockman 1990) . We use the photo-electric absorption of Wisconsin cross-sections (wabs model in the XSPEC).
The Offset-Pointing Spectra
In order to estimate the Galactic foreground emission, we analyzed the spectrum from the offset pointing. Here we compare the A 2052 offset spectrum with that from another blank-sky, the NEP region. In Fig. 3(a) , we show the offset spectrum along with the best-fit model from the NEP. The NEP model is based on the XIS data in the period when the sky background is stable (Fujimoto et al. 2007 ). The Galactic coordinates (l, b) of the A 2052 offset and NEP are (9.
• 4, 50.
• 1) and (95.
• 8,
25.
• 7), respectively. The two O VII line (rest frame energy of 569 eV) fluxes are similar. The O VII line flux from the offset is derived to be 7.1 photons cm −2 s −1 sr −1 (or line units, LU). This flux is comparable to those from other blank sky positions with Suzaku, including the MBM 12 (molecular cloud) off-cloud without subtracting on-cloud flux (5.9 LU; Smith et al. 2007 ) and the A 2218 offset-A pointing (∼ 8 LU; Takei et al. 2007 ). On the contrary, below and above the oxygen line up to ∼ 1.4 keV, the A 2052 offset spectrum shows clear enhancements compared with the NEP model. Note that these residuals can be seen neither in the NEP data. These variations not only in the flux but also in the spectral shape require a careful estimation of the foreground emission.
In the offset spectrum, there are emission lines at the O VII (T max = 0.18 keV) and O VIII (654 eV; T max = 0.26 keV) positions. Here T max is the temperature where the emissivity at the CIE condition becomes maximum. In addition, there are line structures around ∼ 0.7 keV and ∼ 0.8 keV. These could be due to a combination of Fe VII (T max = 0.6 keV), Fe VIII (T max = 0.6 keV), and other Fe-L lines. These oxygen and iron line structures are difficult to form from a single temperature CIE plasma with the solar metal abundance ratio.
We found that the spectra can be described by a combination of two CIE emission components, as shown in Fig. 4 and Table 2 . At energies below 0.4 keV, the fit is not good. To avoid a possible effect of this residual on the Galactic foreground modeling, we ignore this energy band here and hereafter. New best-fit parameters are given in Table 2 and are similar to those of the previous fit. We confirmed that the observed flux is consistent with the count in this direction in the ROSAT All-Sky Survey diffuse background map. A (1 + z) −2 nen H dV , where ne and n H are the electron and hydrogen density (cm −3 ) and D A is the angular size distance to the source (cm). This is scaled for a sky area of 1257 arcmin 2 (20 ′ radius circle).
As seen in Fig. 2 presented in § 2, the offset and A 2052 positions are at a tips of the NPS. This figure suggests that the foreground emission in these directions could be contaminated by that (Miller et al. 2008). associated with the NPS. In fact, a large part of the hotter component of the offset is most likely associated with the NPS emission, as discussed in the next section. For comparison, we give the bestfit model for the Suzaku spectrum of the brightest position of the NPS (Miller et al. 2008) in Fig. 3(b) along with the offset spectrum.
We also attempt to use the emission model derived from the Suzaku observation of the NPS (Miller et al. 2008 ). Here we use different abundance ratios instead of the solar abundance ratio used above for the hotter component. Those ratios are as follows; C=0.0, N=1.33, O=0.33, Ne=0.51, Mg=0.46, Fe=0.5, relative to the solar. This change improved the fit slightly [∆χ 2 = 9; Table 2; CIE+CIE(NPS) model]. An additional absorption does not improve the fit significantly. For the simplicity sake, we use the 2CIE model (solar abundance ratio; 0.4-4.0 keV) as the Galactic foreground below unless stated otherwise.
The Soft Excess Emission
We investigate spectral properties of the soft excess emission in the cluster direction. First, we assume that the observed spectra consist of the Galactic foreground, ICM, CXB, and instrumental background components. We fixed the Galactic emission parameters as derived from the offset pointing above ( § 3.3; 2CIE model). The ICM is modeled by a single temperature CIE with a variable metal abundance. This emission is assumed to be absorbed by the Galactic neutral gas. The last two background components are treated as explained above ( § 3.2). We refer to this as 'no excess model'. The fitting parameters are shown in the first row of Table 3 . This model can not describe the data in all radial regions. Significant residuals around the position of O VII line are seen commonly at least in r > 9 ′ spectra.
Next, to describe these residuals, we attempt to use the following two models separately. In the first model, we assume that the surface brightnesses of the two Galactic foreground components vary between the offset and cluster regions ('Galactic excess model'). The two temperatures of the Galactic components are fixed to those derived in the offset pointing (0.094 keV and 0.34 keV). Therefore additional parameters are two normalizations of Galactic components. The fitting results are shown in Table 3 and figures 5-6. Except for the inner most region, the fit improved significantly compared with the no excess model and the model gave a reasonably acceptable description. As shown in Figure 7 (a), the brightness of the 0.094 keV (0.34 keV) component over the 6 ′ < r < 20 ′ region is about 1.7 (1.4) times larger than that of the offset pointing. At r > 3 ′ , the brightness of each component is radially constant within errors. In the second model, we fixed the Galactic emission to be the same as the offset pointing and added a thermal component originated from a warm plasma at the cluster redshift (z cluster = 0.0356; 'cluster excess model'). The warm plasma is modeled by a single temperature CIE with a fixed metal abundance, 0.1 solar. Additional parameters are the temperature and normalization of the warm plasma. Similarly to the Galactic excess model above, this model gave improved fits in all radial regions except for the inner most bin (Table 3 and figures 5-6). The temperatures of the excess component are 0.15-0.25 keV. As shown in Fig. 7(a) , the X-ray brightness of the excess component are almost radially constant over the cluster region (r > 6 ′ ).
The O VII Line Position of the Excess Emission
We examine the excess spectra in the outer part of the cluster (r > 6 ′ ) for the position of the O VII line. Because of a larger effective area, the oxygen line can be seen more clearly in the BI spectra than in the FI one. Therefore, we use only the BI spectrum in the limited energy range around the line (0.50-0.65 keV). Note that the reported calibration uncertainty of the line energy at energies below 1 keV is about 5-10 eV 1 . This corresponds to redshift of 0.01-0.02 at the oxygen line energy.
Firstly, we examine the spectrum without subtracting any foreground emission. In this case, the O VII line is modeled by a 0.1 keV CIE component as used in the previous subsections (e.g. No excess model ). In Fig. 7(b) we show a radial profile of the best-fit redshift of the CIE component. The redshifts are consistent with being radially constant at zero. The redshift of the spectrum integrated over 9 ′ −20 ′ region is 0.004±0.004 (statistical error). Even if combining this error with the systematic one, we can reject that all the O VII line emission originates from the cluster redshift at 0.0356. Secondly, we subtract the foreground emission model derived from the offset pointing ( § 3.3) and examine the residual O VII line emission. The residual emission is modeled by an additional Gaussian line with a zero intrinsic width. The derived line energies are converted to redshift assuming intrinsic line energy of 569 eV. The positions of the residual lines [ Fig. 7(b) ] are closer to zero than to the cluster redshift. The redshift of the residual spectrum integrated over 9 ′ − 20 ′ region is 0.009 ± 0.012. The average O VII line flux is 4.1 LU. The systematic uncertainty of the redshift in this method is approximately similar to that of the absolute energy scale (i.e. 0.01-0.02 in redshift). Therefore, combining these statistical and systematic errors, we conclude that the data are consistent with either cluster (z = 0.0356) or Galactic (z = 0) origins of the residual emission.
The ICM Radial Properties
In § 3.4 above, we obtained acceptable descriptions of the observed spectra by models consisting of the ICM and Galactic or cluster excess emission along with other backgrounds. Using these models, we constrain the radial ICM temperature and metal abundance as shown in Figure 8 . The two models give results almost consistent with each other.
To further investigate possible uncertainties of derived parameters, we attempt to use different fitting and modeling methods as follows. In all cases, we started from the Galactic excess model. The 13 best-fit parameters and χ 2 values from these methods are presented in Fig. 8 and Table 3 , respectively.
In the first case (M1), we allow the two temperatures of the Galactic components to vary within the uncertainty in the offset fitting, 0.084 < kT 1 (keV) < 0.104 and 0.32 < kT 2 (keV) < 0.36. This model gives better fit to the data compared to the original Galactic excess model. In the second case (M2a, M2b), to understand effects of CXB fluctuations, we change the CXB normalization by ±20% from the standard value which is used in other models. This variation is approximated from the observed fluctuation by Kushino et al. (2002) , who reported a standard deviation of 6.5% for a 0.5 deg 2 effective area. In the third case (M3), to avoid effects of the soft excess emission as much as possible, we ignore the energy range below 0.7 keV. As seen in Fig. 8 , all methods give results consistent within statistical errors with those obtained in § 3.4, except for the outermost bin. At the 15 ′ − 20 ′ region, temperature depends on the assumed CXB normalization largely than the statistical uncertainty. On the other hand, modeling of the soft excess components gives little uncertainty. Regardless of methods, both ICM temperature and metallicity show a radial decline.
Discussion
Origins of the Soft X-ray Excess
Results
Focusing on soft X-ray spectral properties, we analyzed Suzaku data of the A 2052 cluster and offset (3.
• 74) regions. We summarize results as follows. (1) The offset spectrum already shows excess emission at energies below and above the O VII line position, as compared with another blank-sky field (NEP). (2) Assuming this offset spectrum as the Galactic foreground emission and removing other background components and the ICM emission, we confirmed significant soft X-ray excess emission in the direction to the A 2052. (3) This excess can be described either by (a) a combination of increases of the two Galactic thermal components (∼0.1 keV and ∼0.3 keV) or (b) an additional thermal component with a temperature of about 0.2 keV. (4) Regardless of the modeling uncertainty, spectral properties and flux of the excess emission are radially uniform at least at the outer part of the cluster (6 ′ < r < 20 ′ ). (5) The data suggest that the O VII line emission after subtracting the Galactic foreground model comes from zero redshift rather than from the cluster one, although the cluster origin can not reject conservatively. We discuss possible origins of the soft excess in the offset and cluster regions below.
Galactic Origins
As stated previously, the A 2052 and offset pointing positions are at a tips of the NPS. Recent XMM-Newton and Suzaku observations revealed that the NPS emission can be described by a thermal spectrum with a temperature of 0.25 − 0.3 keV (Willingale et al. 2003; Miller et al. 2008 ). This spectral feature is similar to what we found from the offset pointing in comparison with another blank sky field. Therefore, the excess in the offset region is most likely associated with the NPS. We (Finoguenov et al. 2001) and XMM-Newton Tamura et al. 2004) are shown by open-circles and diamonds, respectively. In the upper panel, the universal temperature profile derived from a Chandra study (Vikhlinin et al. 2005) by scaling for A 2052 are shown by dashed-line. In the lower panel, the position of half of the virial radius (17 ′ ) is indicated.
of the excess emission is similar to that of the Galactic foreground emission. Therefore it is difficult to associate this emission with the cluster. If we presume that observed excess originates from a uniform density warm plasma around the cluster and electron number density to be 1.2 times the hydrogen density (n H ), the observed emission measure given above can be translated to n H as
where Z is the oxygen abundance and L is the path length. Note that we assume also that the derived emission measure is proportional to Z −1 since the emission is dominated by the the oxygen line. Note also that L = 2 Mpc corresponds to 48 ′ , approximately the diameter of the observed region. This density is a few times higher than upper limits reported from Suzaku observations of other clusters ( 0.78 × 10 −4 cm −3 ; Takei et al. 2007 , 0.41 × 10 −4 cm −3 ; Fujita et al. 2007 ). Therefore it is unlikely that all the excess emission originates from the cluster region.
The ICM Radial Properties
Focusing on the ICM properties, we discuss systematic uncertainties of the measurement and compare our results with previous ones. Then we point out importance of the measurement.
The spatial resolution of Suzaku is lower than those of XMM-Newton or Chandra. This may cause systematic errors on the ICM radial properties. The Suzaku point spread function has a half power diameter of about 2 ′ , which is smaller than the radial bin size used here. In addition, the point spread function has negligible dependence on the photon energy. Sato et al. (2007) made a ray-tracing telescope simulation for a cluster (A 1060), which has a radial brightness profile similar with A 2052 in the outer region. Based on their result, we estimate that more than 65% of the photons originates from the corresponding sky annulus at least in the outer region (r > 6 ′ ). Therefore we approximate that the error caused by this spectral mixing is small compared with the statistical one. We examined uncertainties of the ICM properties caused by the CXB fluctuation in § 3.6. The instrumental background count is a few times lower and the level of its uncertainty is not larger than those of the CXB over the most part of the detector. Therefore the error caused by the instrumental background uncertainty should be smaller than that by the CXB variation.
Here we compare derived properties with previous measurements (Fig. 8) . Finoguenov et al. (2001) reported temperature and metallicity profiles of the cluster at r < 8 ′ using ASCA. Their temperature of 3.5 ± 0.5 keV is slightly higher than our result. Using XMM-Newton, Kaastra et al. (2004) reported the temperature profile within 12 ′ focusing on the cluster core. Although the temperature at the inner region (1 ′ < r < 6 ′ ) is consistent with our result, their result shows a steeper decline beyond that radius than our result. This difference is most likely caused by that Kaastra et al. (2004) ignored the modeling of the soft excess emission in this cluster. The metallicity within 12 ′ derived from XMM-Newton by Tamura et al. (2004) is consistent with ours. We could measure the ICM properties beyond regions by previous observations in this cluster for the first time. The obtained temperature profile is consistent with the universal temperature profile derived from a sample of cluster by Chandra (Vikhlinin et al. 2005 ; Fig. 8 ). Here we scaled their profile to A 2052 with a peak temperature of 3.0 keV and a virial radius of 34 ′ (1.4 Mpc).
A temperature profile is crucial to determine the total mass of a cluster based on the hydrostatic equilibrium assumption. For example, our derived temperature profile gives the total mass of 10 14 M ⊙ within 15 ′ .5. Here we assume the gas density profile at that radius to be proportional to R −3β
with β = 0.7 (Mohr et al. 1999) , where R is the radius. On the other hand, a 3 keV isothermal profile gives 50% higher mass within the same volume. Compared with the ICM temperature, the metal abundance at cluster outer regions have been much more difficult to constrain. Except for a few cases, previous observations are limited to the cluster inner region (smaller than 0.25-0.4 of the virial radius). Our result gives a gas-mass-weighted metal abundance averaged over the observed region (r < 20 ′ ) to be 0.21 ± 0.05 times solar. We found a large scale abundance gradient, from 0.4 solar at the inner region to 0.1 solar beyond r = 15 ′ (about half the virial radius). The latter value is significantly smaller than previously measured 'cluster values' of 0.3-0.4 (Fukazawa et al. 1998 , De Grandi et al. 2004 , Tamura et al. 2004 . A similar kind of the abundance profile has been found in AMW 7 (Ezawa et al. 1997 ) and the Perseus cluster (Ezawa et al. 2001) . As argued by Metzler & Evrard (1994) , these gradients could be caused by steeper distribution of galaxies (origin of metals) than the ICM. These also suggest that no strong mixing in the ICM after the metal injection. In addition, a radial change of efficiencies of different enrichment processes could affect the abundance profile. In the inner region where the ICM density is high ram-pressure stripping should be effective, while in the outer region galactic wind could dominate the metal pollution. Kapferer et al. (2007) confirmed this trend quantitatively by simulation with a semi-numerical galaxy formation model. On the contrary to these gradients above, Fujita et al. (2008) found an uniform abundance (∼ 0.2 solar) upto the virial radius in the link region between two clusters, A 399 and A 401. Based on the uniformity, they argued a possibility that the proto-cluster region was already metal enriched by past galactic superwinds. Note that we and Ezawa et al. (1997; 2001) measured azimuthal averaged abundances, while Fujita et al. (2008) measured a local region, a possible cosmic filament. These measurements of the large scale abundance profile and precise metal mass in the ICM along with the abundance ratios are of importance to constrain origins, enrichments, and transport of the metals and in turn past dynamical history of clusters.
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